We studied the atomic and electronic structures of the reconstructed Si͑557͒ surface composed of one ͑111͒ facet and three ͑112͒ facets in its single unit cell by using first principles calculations, scanning tunneling microscopy, and angle-resolved photoemission spectroscopy. A variety of atomic structure models of the ͑112͒ facet were introduced to understand overall properties of the Si͑557͒ surface. Among the atomic structure models considered, an adatom-parallel dimer model with a missing dimer with the same bonding network as the Si͑111͒-7 ϫ 7 surface was found to be the most stable model. The scanning tunneling microscopy images and photoemission spectra of the Si͑557͒ surface can be widely explained by the model. In addition, these results suggest that the ͑112͒ facet with a width of 0.9 nm can be used as a one-dimensional template, as the Si͑111͒-7 ϫ 7 surface plays the role of a two-dimensional template for various quantum dot arrays.
I. INTRODUCTION
One-dimensional ͑1D͒ exotic phenomena such as Tomonaga-Luttinger liquid and Peierls instability have become a subject of intense research because of the fabrication of 1D electron systems. [1] [2] [3] However, few 1D structures have been assembled on surfaces because of a variety of parameters, such as the surface orientation of a substrate, the type and coverage of an adsorbate, and temperature, which need to be satisfied in order to grow anisotropic structures. For example, the Si honeycomb chain channel on the metal/ Si͑111͒-3 ϫ 1 surface, 4 the zigzag In chain on the In/ Si͑111͒-4 ϫ 1 surface, 5 and the Si double honeycomb chain on the Au/ Si͑111͒-5 ϫ 1 surface 6 have been reported. Recently, vicinal Si͑111͒ surfaces, which are represented by Si͑557͒ and Si͑553͒, have been considered to fabricate 1D structures because of their anisotropic structures. [7] [8] [9] [10] [11] [12] [13] The anisotropic structures of vicinal surfaces minimize the number and range of parameters that need to be adjusted in the growth of a 1D structure. In addition, their step edges reduce the coherence between 1D structures on different terraces and, consequently, confine electrons within a terrace. The strong points of vicinal surfaces were demonstrated by using the two representative Au/Si͑557͒ and Au/Si͑553͒ surfaces with multiple 1D energy bands. 7, 8, 10, 11 The 1D energy bands produce interesting 1D phenomena, such as the Peierls instability on the Au/Si͑557͒ surface, 7 the coexistence of ϫ2 and ϫ3 Peierls distortions on the Au/Si͑553͒ surface, 8 and spinorbit-split 1D metallic bands. 12 More recently, switching between one and two dimensions in conductivity was observed on the Pb/Si͑557͒ surface. 13 One excellent method using vicinal Si͑111͒ surfaces as a 1D template is to grow a 1D structure, while keeping the overall geometries of their clean surfaces. For self-assembled quantum dots, it was demonstrated that a variety of metal quantum dots can be assembled while maintaining the overall structure of the Si͑111͒-7 ϫ 7 surface. 14 Among the vicinal Si͑111͒ surfaces, only the Si͑557͒ surface was found to have a regular 1D structure with the alternative arrangement of one ͑111͒ facet with atomic rows of 9 and three ͑112͒ facets with atomic rows of 2 2 / 3 . 15 In addition, the ͑112͒ facet has the smallest terrace width ever found among the vicinal Si͑111͒ surfaces and can be a 1D template with the smallest width. However, the atomic structure of the ͑112͒ facet is still unknown. Therefore, it is important to understand the atomic structure of the ͑112͒ facet. This can lead to an understanding of the entire structure of the Si͑557͒ surface.
In this study, we considered five atomic structure models of the ͑112͒ facet. The bulk-terminated Si͑112͒-1 ϫ 1 structure was used as a foundation. Adatoms and dimers were introduced to the 1 ϫ 1 structure. Among the atomic structure models that are examined, an atomic structure model with an adatom within the terrace and a parallel dimer at the step edge was found to be the most stable model. This is called the adatom-parallel dimer model. To explain the scanning tunneling microscopy ͑STM͒ image with a ϫ7 order along the step edge direction of the Si͑112͒ facet, every fourth dimer on the model was removed. The removal resulted in a structure similar to the corner hole of the Si͑111͒-7 ϫ 7 surface. 16 Based on the modified adatom-parallel dimer model, the two rows of bright protrusions of the STM image of the ͑112͒ facet were successfully reproduced by its simulated STM image and the origins of the two surface states with small band widths of the Si͑557͒ surface were disclosed.
II. METHOD
First principles calculations were performed by using VASP, 17 which is a plane-wave-pseudopotential code based on density functional theory. The electron-electron and electron-ion potentials were described by a local density approximation 18 and a projected augmented wave method, 19 respectively. Electronic wave functions were expanded by plane waves up to a kinetic energy cutoff of 250 eV. The pseudopotentials were generated to fit enough atomic wave functions, atomic energy eigenvalues, and scattering properties of all electron calculations. A slab geometry in an orthorhombic unit cell was used to describe the ͑112͒ facet, where the surface area was 31.2 Å 2 for the 1 ϫ 1 unit cell. This unit cell contains three Si bilayers, and Si atoms at the bottom were saturated by hydrogen. A vacuum region of approximately 14 Å was used. For the k ជ -point sampling, 7 ϫ 3, 4 ϫ 3, and 1 ϫ 3 Monkhorst-Pack meshes 20 were used for the 1 ϫ 1, 2 ϫ 1, and 7 ϫ 1 unit cells in the surface Brillouin zone, respectively. A combination of quenched dynamics and quasi-Newtonian methods was used for structural relaxation. The criterion of force for this was 2.0ϫ 10 −2 eV/ Å. The conditions for the theoretical calculations were confirmed using convergence tests for the kinetic energy cutoff, the k ជ -point sampling, and the number of atomic layers in the slab. For example, the convergence for the relaxed bulkterminated ͑RBT͒ model was described in the following. The total energies were changed to 0.01% and 0.1%, when 1% and 10% larger than the kinetic energy cutoff of 250 eV were used, respectively. For the k ជ -point sampling, the total energy in the case of the 7 ϫ 3 Monkhorst-Pack mesh was 0.06% larger than in the case of the 5 ϫ 3 Monkhorst-Pack mesh. In addition, the same densities as the k ជ -point sampling were used for other structure models. Mankefors et al. 21 demonstrated that eight layers, which are equal to the three bilayers in this study, for the RBT model is sufficient for calculating the surface energy. A simulated STM image was calculated by utilizing the method proposed by Tersoff and Hamann. 22 Angle-resolved photoemission spectra were measured at a vacuum ultraviolet beamline ͑BL-3A2͒ connected to an undulator of the synchrotron radiation source at the Pohang Light Source ͑PAL͒ in Korea. The end station is equipped with a high-resolution electron analyzer ͑SES-R4000, Gamma Data, Sweden͒. The nominal energy and angle resolutions were better than 40 meV and 0.15°, respectively. A commercial variable-temperature STM ͑Omicron, Germany͒ was used. A n-type phosphorus-doped Si͑557͒ wafer with resistivity of 1 ⍀ cm was used. The Si͑557͒ substrate ͑9.45°o
ffcut from the ͓111͔ orientation͒ was thermally cleaned. The electric voltage for the thermal treatment was applied along the step edge direction.
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III. RESULTS AND DISCUSSION
A. Experimental data Figure 1 shows a STM image of the reconstructed Si͑557͒ surface. The bulk-terminated Si͑557͒-1 ϫ 1 structure has atomic rows of 5 2 / 3 and a width of 1.92 nm, as shown in Fig. 1͑c͒ . The reconstructed surface has a larger unit cell with a width of 5.73 nm, which is equal to atomic rows of 3 ϫ 5 2 / 3 . Kirakosian et al. 15 suggested that the larger unit cell of the reconstructed surface consists of the alternative order of a single ͑111͒ facet with atomic rows of 9 and three ͑112͒ facets with atomic rows of 2 2 / 3 . The triple step structure has been observed on vicinal Si͑111͒ surfaces with a miscut toward the ͓112͔ direction. [23] [24] [25] In addition, the ͑111͒ facet was suggested to have the same surface reconstruction as the Si͑111͒-7 ϫ 7 surface. 15 This is because the STM image of the dimer-adatom-stacking fault ͑DAS͒ structure of
(557) the Si͑111͒-7 ϫ 7 surface was reported to be identical to that of the ͑111͒ facet, as indicated by the triangle in Fig. 1 . 15 However, the atomic arrangement of the entire Si͑557͒ surface is still unknown. In the STM images that were previously reported, [26] [27] [28] only the ͑111͒ facet was imaged with atomic resolution but the ͑112͒ facets were not visualized clearly because of their narrow widths. In this study, the atomic protrusions of the ͑112͒ facets were successfully imaged, as shown in Fig. 1 . The ͑112͒ facet had a ϫ7 order along the step edge direction and was composed of two rows of bright protrusions that were located at the step edge and within the terrace. Their relative intensities with respect to each other depended on the locations of the three ͑112͒ facets. The protrusion chain within the terrace on the first ͑112͒ facet was brighter than that at the step edge. However, on the second ͑112͒ facet, the brightness of the terrace protrusions was similar to that of the step edge protrusions. This does not mean that the two ͑112͒ facets have different atomic arrangements. This is partly because it is more difficult for a STM tip to approach a lower ͑112͒ facet. Although only the ϫ7 period was observed in these STM images, previous low energy electron diffraction studies reported a ϫ2 period along the step edge direction in addition to the ϫ7 period. 29, 30 This will also be discussed based on the following theoretical calculations. The reconstructed Si͑557͒ structure was further studied by angle-resolved photoemission spectroscopy. Figure 2 shows the valence band spectra of the Si͑557͒ surface. Two surface states were found to be located at a binding energy ͑BE͒ of 0.15 ͑S1͒ and 0.9 eV ͑S2͒ at the normal emission, as recently reported. 28 In a previous report, only the valence band spectrum at the normal emission was measured. In this study, the extended valence band spectra were measured along the step edge direction in order to determine the energy dispersion of the two surface states. The two surface bands were found to be flat with a bandwidth of Ͻ0.1 eV. The characteristics of the two surface states are quite similar to those of the Si͑111͒-7 ϫ 7 surface. The Si͑111͒-7 ϫ 7 surface has three surface states with BEs of 0.15, 0.5, and 0.9 eV with small bandwidths of Ͻ0.1 eV, which originate from the center adatoms, corner adatoms, and restatoms, respectively. 31 This suggests that, in addition to the ͑111͒ facet, the ͑112͒ facet may have a similar atomic structure to that of the Si͑111͒-7 ϫ 7 surface.
B. Atomic structure models of the (112) facet
Various atomic structure models of the ͑112͒ facet were examined by using first principles calculations to highlight the detailed atomic geometry of the ͑112͒ facet. Figure 3 shows the RBT model, which was obtained by using a total energy minimization scheme, as described in Sec. II. The twofold-coordinated ͑2FC͒ atom 1 is located at the step edge and the threefold-coordinated ͑3FC͒ atoms 2 and 4 are located within the terrace. Atoms 2 and 4 move downward along the ͓111͔ direction by 0.75 and 0.11 Å, respectively, in order to relax the surface tension. Atom 2 can easily push out atom 1 so that atom 2 moves downward much more than atom 4. This results in a flat structure at the step edge. The two dangling bonds of the 2FC atom make the RBT model energetically unstable and leave a margin for additional energy minimization. There are two ways to decrease the number of dangling bonds. One is to remove atom 1 at the step edge and make a 2-6 dimer. 32, 33 The other is that the neighboring two atoms form a dimer. 32, 33 The former is the perpendicular dimer ͑D Ќ ͒ model and the latter is the parallel dimer ͑D ʈ ͒ model ͓see Figs. 4͑a͒ and 4͑b͒ , respectively͔.
The D Ќ geometry was generated by using the following sequence. First, the 2FC atom 1 in the RBT model was removed. Second, a total energy minimization scheme was car- 
ried out to make a 2-6 dimer, as shown in Fig. 4͑a͒ . The resulting 2-6 dimer with a bond length of 2.50 Å, which is perpendicular to the step edge, saturated the dangling bonds that were generated after removing atom 1. This is similar to the dimer of the Si͑100͒-2 ϫ 1 surface. 34 The dimer formation broke the 5-6 bond and left a dangling bond on atom 5. This results in a -bonded chain along the zigzag 4-5 chain with a bond length of 2.28 Å, which resembles Pandey's model of the Si͑111͒-2 ϫ 1 surface. 35 The relative energy gain from the dimerization and -bonded chain formation to the RBT geometry was 0.54 eV/ 1 ϫ 1. Here, the surface energy was calculated by using the following equation:
where E tot is the total energy of the model, N Si is the number of Si atoms in the model, and E bulk is the energy of a bulk Si atom.
There is another way to decrease the number of dangling bonds of the 2FC atom. As described above, this way is to make the D ʈ geometry, where adjacent 2FC atoms in the RBT model form a dimer which is parallel to the step edge, as shown in Fig. 4͑b͒ . The bond length of the dimer is 2.41 Å, which is shorter than that of the D Ќ model. This induces a ϫ2 lattice modulation along the step edge direction of atom 4 on the RBT model. Atom 4Ј in the D ʈ model was lowered by 0.58 Å and atom 4 was raised by 0.35 Å. The energy gain on account of the dimerization was 0.51 eV/ 1 ϫ 1. Therefore, the D Ќ model is slightly more energetically stable than the D ʈ model. However, this does not mean that the perpendicular dimer on the reconstructed Si͑557͒ surface is more favored than the parallel dimer. This is because the D ʈ geometry has a margin for further energy reductions. The dangling bonds of the 3FC Si atoms within the terrace can be saturated by introducing an additional adatom, which is called the AD ʈ model, as shown in Fig. 5͑a͒ . Here the adatom, denoted by A, raised atoms 2 and 4, which drew the parallel dimer toward the terrace. The relative energy gain due to the introduction of the adatom to the D ʈ model was 1.1 eV/ 1 ϫ 1. This suggests that the AD ʈ model is the most stable model among the models considered above. The AD ʈ model is quite similar to the DAS model of the Si͑111͒-7 ϫ 7 surface. 16 The structure similarity suggests that atom 4 with 3FC corresponds to the restatom of the DAS model. A further energy reduction can be considered. There are two different types of arrangements of the parallel dimer across the step edge direction. One is to locate the parallel dimer at the same site on all step edges, which is identical to the AD ʈ model that is described above. Another is to make the site of the parallel dimer shift alternatively across the step edge direction. This is called the AD ʈ Ј geometry, as shown in Fig. 5͑b͒ . This oblique configuration of the parallel dimer results in a further energy gain of 0.14 eV/ 1 ϫ 1, which is on account of surface stress relief by the oblique configuration. ͑Table I͒
C. Comparisons of the atomic structure models to experimental data
The AD ʈ and AD ʈ Ј models need to be modified in order to construct a suitable structure model, which matches the STM image and valence band structure of the reconstructed Si͑557͒ surface. The STM image of the Si͑557͒ surface shows that the ͑112͒ facet has a ϫ7 order along the step edge direction similar to the Si͑111͒-7 ϫ 7 surface, as shown in Fig. 1͑a͒ . However, the AD ʈ and AD ʈ Ј geometries have a ϫ2
(a) ( b) order along the step edge direction. Therefore, the AD ʈ and AD ʈ Ј models need to be modified to reproduce the STM image. The AD ʈ and AD ʈ Ј models have the same local atomic structure as the DAS model of the Si͑111͒-7 ϫ 7 surface. In addition, the STM image of the ͑112͒ facet is quite similar to that of the Si͑111͒-7 ϫ 7 surface. This suggests that the dark site near the three bright protrusions along the step edge in the STM image can be produced by a structure similar to the corner hole of the DAS model. Initially, the 1 ϫ 1 structure of the RBT model was inserted at every fourth parallel dimer site. Subsequently, atoms 1 and 2 were removed from the 1 ϫ 1 structure. This makes atoms 3 and 6 become 2FC. An additional adatom on atom 5 was then introduced to saturate the dangling bonds of atoms 4 and 6. The resulting structure constructed through this process is similar to the corner hole of the DAS model, as shown in Fig. 6 . The energy gain from the modification was 0.06 eV/ 1 ϫ 1.
The simulated STM image of the modified AD ʈ model was generated, as shown in Fig. 6 , where an energy window of ͓E Fermi , E Fermi +1 eV͔ was used. The simulated STM image shows that the adatoms near the parallel dimer produce brighter protrusions and the adatoms near the corner hole generate darker protrusions. Furthermore, the corner holes were appeared dark. Hence, the simulated STM image reproduces the experimental STM image successfully. On the other hand, it may be due to the limited spatial resolution that the dumbbell image of the dimer in the simulated STM image is shown as a protrusion in the experimental STM image. The upper part at the lower ͑112͒ facet of the experimental STM image in Fig. 1͑b͒ shows that the bright protrusions are differently located. This can be explained by the coexistence of the AD ʈ and AD ʈ Ј geometries due to the small energy difference.
The validity of the modified AD ʈ and AD ʈ Ј models require further confirmation by comparing their electronic structures with the experimental valence band structure of the Si͑557͒ surface. Figure 7͑a͒ shows the electronic density of state ͑DOS͒ at ⌫ of the AD ʈ model. Here, only the AD ʈ model is considered because the AD ʈ and AD ʈ Ј models are similar.
The Si͑557͒ surface is composed of ͑111͒ and ͑112͒ facets, as described above. The ͑111͒ facet is almost identical to the Si͑111͒-7 ϫ 7 surface. The ͑111͒ facet is thus expected to produce the same surface states as the Si͑111͒-7 ϫ 7 surface, whose three surface states are located at BEs of 0.15, 0.5, and 0.9 eV, respectively. 31 The DOS of the AD ʈ model of the ͑112͒ facet reveals three surface states to be located at BEs of 0.18 ͑S1Ј͒, 0.4 ͑S2Ј͒, and 0.7 eV ͑S3Ј͒. Figures 7͑b͒-7͑d͒ show the origins of the three surface states. This suggests that the S1Ј, S2Ј, and S3Ј states mainly originate from the corner hole atoms, dimers, and adatoms, respectively. The electron density of the surface states are spatially localized so that their energy dispersion can be quite flat along the step edge direction. This suggests that the number of the surface states of the ͑112͒ facet is identical to that of the ͑111͒ facet and the BEs of the surface states of the ͑112͒ and ͑111͒ facets are quite similar, even though the surface states of the ͑112͒ and ͑111͒ facets have different origins. The similarity explains enough how the valence band structure of the Si͑557͒ surface can be similar to that of the Si͑111͒-7 ϫ 7 surface. These results also suggest that the S1 state originates from the corner hole atoms on the ͑112͒ facet and the adatoms on the ͑111͒ facet. Moreover, the S2 state is produced by the adatoms on the ͑112͒ facet and the restatoms on the ͑111͒ facet. The reason why the surface states near a BE of 0.5 eV were not well resolved in the photoemission spectra may be partly because the surface states originating from the ͑111͒ and ͑112͒ facets overlap. Our theoretical calculations could also explain the ϫ2 period observed in the low energy electron diffraction pattern. The energy difference between the AD ʈ model with the ϫ2 period and the modified AD ʈ model with the ϫ7 period was 0.06 eV/ 1 ϫ 1. This small energy difference suggests that the AD ʈ structure with the ϫ2 period can be produced on the ͑112͒ facet under a thermal treatment condition. Another possible scenario is that a structure with a ϫ2 period is made on a separate facet from the Si͑557͒ surface because most of the Si͑557͒ wafers have small offangles from an ideal Si͑557͒ surface.
The experimental data are successfully explained by our structure models, but there are still some problems remaining. There was insufficient computing power to calculate the surface energy of the whole structure of the reconstructed Si͑557͒ surface because the Si͑557͒ surface has a large unit cell of 17ϫ 7 if a bulk-terminated Si͑111͒-1 ϫ 1 structure is considered to be a 1 ϫ 1 unit cell. This leaves some unanswered questions regarding the Si͑557͒ surface. One question is why the Si͑557͒ surface with one ͑111͒ and two ͑112͒ facets is energetically stable. Another is why the surface energies of the structure models of the ͑112͒ facet considered in this study can be changed slightly after connecting the ͑112͒ facet with the ͑111͒ facet to construct the whole Si͑557͒ structure. These issues need to be examined in future studies.
IV. CONCLUSION
The atomic and electronic structures of the reconstructed Si͑557͒ surface were investigated by using the combined approach of first principles calculations, STM, and angleresolved photoemission spectroscopy. The overall properties of the Si͑557͒ surface composed of the ͑111͒ and ͑112͒ facets were unveiled by testing various atomic structure models of the ͑112͒ facet relatively with a lack of information. Among the various models of the ͑112͒ facet considered above, the AD ʈ and AD ʈ Ј models with adatoms within the terrace and parallel dimers at the step edge were energetically more stable. Finally, the AD ʈ and AD ʈ Ј models were modified to match the experimental data by introducing a structure such as the corner hole of the DAS model at every fourth dimer site. The modified AD ʈ and AD ʈ Ј models suggest that the rows of protrusions within the ͑112͒ terrace and at the ͑112͒ step edge in the STM image originate from the adatoms and dimers, respectively. In addition, it was found that the surface states of the ͑112͒ facet have similar BEs to those of the Si͑111͒-7 ϫ 7 surface, even though they have different origins. This explains why the valence band structure of the Si͑557͒ surface can be similar to that of the Si͑111͒-7 ϫ 7 surface. Interestingly, the results suggest that both the ͑111͒ and ͑112͒ facets consist of an adatom, a dimer, and a corner hole. More interestingly, this means that the ͑112͒ facet can play a role as a 1D template, as the Si͑111͒-7 ϫ 7 surface has been used as a two-dimensional template for a quantum dot array. ͑Color online͒ ͑a͒ The electronic density of states at ⌫ of the AD ʈ model with a missing dimer. Selected probability densities of an electron with energy windows near the ͑b͒ S1Ј, ͑c͒ S2Ј, and ͑d͒ S3Ј states. The electron density is drawn by a nested equidensity surface with a rainbow ͑gray͒ scale: a higher equidensity surface is drawn by a red ͑light gray͒ surface and a lower equidensity surface is drawn by a blue ͑dark gray͒ surface.
